It has been known for many years that the temperature at which excised leaves of Bryophyllum calycinumn are cultured in darkness has a considerable effect upon the extent to which the tissues become enriched in organic acids. In 1938, Wolf (14) presented data to show that, at a temperature of 7 to 50 C, the production of acid and the utilization of starch were apparently both stimulated as compared to the behavior of these substances in leaves cultured at about 220 C, and similar observations have been reported in a previous paper from this laboratory (4) . Additional evidence with respect to the favorable effect of low temperature on the formation of acid has recently been given by Thomas and Ranson (5) .
In the earlier work from this laboratory, however, the observations were made only after culture for 23, 66, and 142 hours at temperatures of 200, 90, and 10 C. Furthermore, the sampling method used at that time for collecting the leaflets was far less satisfactory than that presently employed. It has seemed desirable, therefore, to reinvestigate the matter with more detailed attention to the early phases of the chemical transformations that occur and with the use of improved sampling methods. A better opportunity has thus been afforded for the consideration of the chemical relationships between the quantities of starch and malic acid involved in the reactions, and for the study of the somewhat subtle alterations which take place in the general course of 1 Received April 6, 1954 . 2 This investigation was supported in part by a grant from the National Science Foundation.
the chemical events when the period of culture under artificial conditions exceeds the normal length of a night.
EXPERIMENTAL PROCEDURE Plantlets of Bryophyllum calycinum from the clone that has been maintained in this laboratory for a number of years were transplanted to sand in pots in the greenhouse March 27, 1951, and were grown with use of a culture solution. By July 9, the plants bore several pairs of well-developed 3-leaflet leaves. On this date, 12 samples were collected by the statistical method (11) from 36 plants, using the 12 leaflets from the two uppermost pairs of fully-expanded leaves. Each sample thus contained 36 leaflets, one of which was derived from each plant, and each of the 12 leaflet positions was represented three times in each sample. Collection was started at 3 P.M., the weather being clear and sunny as it had been the previous day.
The samples were at once weighed to five significant figures and sample 1 was placed in the drying oven at 4:00 P.M., this being taken as the zero hour of the experiment. Meanwhile, the leaves of the other samples were arranged along the sides of Vshaped troughs, samples 2 to 6 in a room maintained at 24°C and 75 % relative humidity, samples 7 to 12 in a room at 60 C, and enough water was added to immerse the petioles. The humidity in the cold room was uncontrolled but was fairly low. The rooms were darkened at 4:00 P.M., and the condi- Probably because of the high temperature of the greenhouse at the time of collection, the leaves were not fully turgid and crisp when picked but they soon became so when placed in water, and it will be noted that the samples promptly increased in fresh weight during treatment, the mean increase per sample being 7.4 gm. Presumably because of the deficient water content, the coefficient of variation of the fresh weight of this set of samples was somewhat larger than is usually observed with samples of Bryophyllum leaves collected by the statistical method, but that the chemical composition was satisfactorily constant is shown by the low coefficient of variation for total N and ash. The protein N also remained essentially unchanged.
The equilibrated dry weight per kilo of initial fresh weight is used in computing the composition of the samples in gm per kg of initial fresh weight. This quantity, when multiplied by the result of an analytical determination expressed as a percentage and divided by 100, yields the composition in the units desired. It is in order that the factor for each sample shall be known to four significant figures that the fresh weights and equilibrated dry weights are obtained with the accuracy mentioned.
The analytical methods currently in use in this laboratory have recently been described in detail (13) . Figure 1 shows the organic solids and carbohydrates in the series of samples, the data for those cultured at 24°C plotted as solid lines and for those at 6°C as broken lines. For the determination of organic solids, analytical samples are dried at 1100 C to give the total solids and are then ashed in a muffle at 600°C. The weight of the ash is deducted from the total solids, the difference being taken as the organic solids. However, the ash so obtained contains a substantial proportion of carbonate which is derived from the combustion of the organic acids. Strictly speaking, therefore, the carbonate is organic in origin and should be reckoned not as a part of the ash but should be added to the organic solids. This correction has not been applied in the present case since the alkalinity of the ash was constant for all samples and, accordingly, the correction for carbonate is also constant. If the correction had been applied, the curves for organic solids in figure 1 would merely be placed approximately 7 gm per kg higher on the diagram; the shape of the curves would be unchanged.
EXPERIMENTAL RESULTS
The organic solids of the leaves cultured at 240 C increased by 2 gm during the first 16 hours in darkness but subsequently slowly diminished. At 60 C, the initial increase was almost the same but was more rapid, and the increased weight was maintained figure 1 plotted on a scale four times as large as that used for starch. It is clear that neither glucose nor sufor much longer. In general, crose were influenced to any marked extent and that effect of culture at low tem-both substances were present in only minor propor-X in postponing the time at tions. The presumably sedoheptulose, is synthesized acids were formed continuously throughout the extble quantities in the later stages of cul-periment so that after the expiration of 32 hours, the yophyllum leaves at 210 to 260 C in con-leaves at low temperature contained a larger quanht (10) . tity than those cultured at 24°C and the differential avior of the organic acids of the leaves is increased with time. A promotion of the accumulaigure 2. For the first 8 hours, owing to tion of organic acids by culture at low temperature ion of acids, the pH dropped at the same is thus clearly evident. th temperatures. At 240 C, this fairly
The details of the organic acid composition of the was maintained for another 8 hours, but samples are plotted in the lower part of the figure. little further change and a slight increase Isocitric acid is the major organic acid component of irred later. On the other hand, at 60 C, Bryophyllum leaves collected on sunny afternoons decrease of pH diminished sharply in the and it appears that the quantity present did not ,tween the observations at 8 and at 24 change to any significant extent during culture at the subsequent change in pH was slow. either normal or low temperatures. To be sure, the Ss, the pH continued to drop throughout curves suggest that there was a slight increase in of the experiment.
isocitric 
UNDETERMINED
It is also known to increase for many hours in leaves = -_ _ -----cultured in darkness whether these were picked in the afternoon, or at sunrise when citric acid is pres-CITRIC _ __ ent in appreciable proportions (9) . In the present -_ _-_ _ _ _ _ __experiment, citric acid likewise increased, rapidly at first and then more slowly; however, the curve for the observations at 240 C lies well above that for 10 20 30 40 50 60 C, and even after 48 hours at 60 C there was less -OURS citric acid present than after 24 hours at 240 C.
Changes in organic acid composition and pH Accordingly, the behavior of citric acid is also deeaves of Bryophyllum calycinum cultured in pendent upon the temperature, but the significant arkness at 240 C (solid lines) and at 60 C point is that the effect for a period of at least 40 es).
hours is the converse of the effect upon malic acid. In the early stages of culture, the formation of citric acid is apparently stimulated at the higher temperature.
However, an earlier experiment carried out in this laboratory (4) showed that, if culture is greatly prolonged, the quantity of citric acid formed at 90 C ultimately exceededl that formed at 200 C. The data suggested that, after 66 hours at 200 C, reactions which led to the utilization of citric acid gradually assumed dominance, although little evidence of such reactions was noted in the experiment at 90 C. Accordingly the general behavior of citric acid is fundamentally identical with that of malic acid; the differences observed merely represent differences in the rates of the reactions which affect malic acid on the one handl and citric acid on the other and in the effect of temperature upon these rates.
Data for the so-called undetermined acids of the leaves are also plotted in figure 2. Although the intrinsic accuracy is not high since the results are obtained by (lifference, it appears that there was a small (lecrease in the undetermined acids early in the culture period at 240 C but that a similar decrease was delayed in the leaves cultured at 60 C until nearly 24 hours hltad elapsed. The changes in this analytical comiiponent were, however, small and impossible to interpret in the absence of knowledge of the identitv of the substances concerned.
DIscussIoN
Consideration of the data that have been presented suggests that the main effect of culture of Bryophyllum leaves at low temperature is to depress the rates at which certain of the metabolic reactions occur. The leaf components chiefly concerned are starch on the one hand and malic and citric acids on the other. The quantity of each of these substances present, under any defined set of conditions is the resultant of enzymatically controlled reactions, one or more of which in each case leads to the synthesis of the substance and one or more to its decomposition or utilization. In such experiments as these, the temporary concentration relationships among the reactants at each of several stages is observed, and the progressive changes in the quantities of the substances present furnish evidence of the effect of the experimental treatment upon the rates of the reactions in which these substances are concerned.
A clearly (lefined example is provided by the surprising behavior of the unfermentable carbohydrate.
This material, whatever its chemical nature may be, is obviously being synthesized as the culture period progresses. However, its slow accumulation at 240 C suggests that it is also being utilized for the formation of some further product as yet unknown. At 60 C, the rate of these latter reactions is so diminished that a substantial accumulation of unfermentable carbohydrate occurs. In physico-chemical terms, the temperature coefficient of the net reactions which lead to synthesis is quite different from that of the reactions which lead to utilization.
WVith respect to the main effect under study, the apparent stimulation of the formation of malic acid at low temperature, the data indicate that synthetic reactions proceeded at a fairly high net rate at both temperatures at the start but continued at this high rate for a somewhat longer time at 240 C than at 60 C. After about 16 hours at 240 C, however, reactions that led to the loss of malic acid supervened and soon dominated the situation whereas, at 60 C, the effect of such reactions is scarcely detectable.
The analogy with the behavior of the unfermentable carbohydrate is thus complete.
If it may be assumed that the metabolic reactions observed in the present lot of leaves wvere fundamentally the same as those seen in previous sets of samples studied in this laboratory (4, 9) , citric acid behaved in a similar manner although with this substance the reactions that led to synthesis were slower than those by which malic acid was produced. Furthermore, the reverse reactions which lead to the loss of citric acid do not become effective until after the lapse of many hours. The curve for the citric acid content of the leaves in the earlier experiment leveled off or turned downward only after about 90 hours of culture at room temperature in the dark.
No experiment has vet been carried out for a sufficient length of time at low temperatures to demonstrate an ultimate loss of citric acid, and the data at hand suggest that a period far longer than 140 hours would be required. Nevertheless, the maximum which citric acid may reach (4) was greater at low than at high temperature ancl the general behavior was thus closelv analogous to that of malic acid, only the time scale is different.
The behavior of starch in this as well as in earlier experiments was, with surprising accuracy, the converse of that of malic acid. The respective curves in figures 1 and 2 are essentially mirror images of each other and the correlation coefficients calculated from the data support this impression. At 240 C, the correlation coefficient between malic acid and starch was -0.89 (r = 0.882 for P =0.02 with 4 degrees of freedom). At 60 C the correlation was even better, the coefficient being -0.99 (r = 0.951 for P = 0.001 with 5 degrees of freedom). Although the maximum does not correspond exactly in point of time with the minimum value for starch, the general behavior is exactly that to be anticipated if interconversion of these two substances were assumed to be taking place. The statistical analysis suggests that in the experiment at 240 C there is less than one chance in 50 that the apparent relationship is fortuitous and at 60 C, as well as in several other cases (8, 10) , far higher correlations have been found.
In view of these obvious relationships, calculations were made of the relative molar quantities involved in the transformations. If malic acid arises from a sequence of enzymatic reactions in which starch is the starting material, there should be a constant ratio between the number of moles of acid produced and the number of moles of starch used. However, if there are competing reactions which draw upon malic acid, or possibly upon one or other )recursors, the ratio will change as the culture siderably from that at 240 C. During the first 8 continues. Figure 3 shows a plot of the ratios hours, approximately 0.8 moles of malic acid were n the number of moles of malic acid that have formed per mole of starch decomposed and the ratio ormed and the number of moles of starch which shows the cumulative effect diminished rather 05 being taken as 1 mole) that have disap-slowly over the experimental period to 0.54. As is at each point of observation. The data thus evident from figures 1 and 2, the loss of starch and D the cumulative effect of all of the reactions gain of malic acid proceeded at a fairly constant tve occurred up to each point of observation. rate throughout. Nevertheless, the continuous alend of the first 8 hours at 240 C, for each though slow drop of the ratio is in conformity with f starch that had disappeared, 0.93 moles of the view that what may be referred to as the eftcid had been synthesized but, as time went ficiency of the transformation was gradually and inratio dropped steeply so that after 16 hours creasingly being interfered with by reactions which diminished to 0.56. In the first 8 hours, the led to the utilization of malic acid or of a precursor ,ies involved were small amounting to only 15 of this substance. At 60 C, however, such reactions oles of starch and 14 millimoles of malic acid. were unable at any time within the experimental pein the next 8 hour period that the major re-riod to dominate the situation as they so promptly occurred, for no less than 77 millimoles of did at 240 C.
vanished and 37 millimoles of malic acid were The evidence thus suggests that malic acid is, as
The ratio for the interval between 8 and' it were, a centrally located substance in a complex series of metabolic reactions, some of which lead to its increase, some to its diminution. Starch would seem to play the part of a storage substance which, in darkness, rapidly begins to contribute to the reactions that synthesize malic acid. The molar ratios are such in the present case that all of the C of the newly formed malic acid may have arisen from \C _starch. However, this is by no means always so, for, 6 C in an experiment described in a previous paper (8) At 60 C, the rate of synthesis of citric acid was much depressed although synthesis of malic acid continued at a fairly rapid rate. Accordingly, the ratio between the molar quantity of malic acid formed to that of citric acid was higher. After That the formation of citric acid in Bryophyllum leaves is in some direct or indirect way related to the loss of starch is implicit in previous observations on the diurnal variation in acidity in response to exposure of the leaves to light and darkness, an especially clear case having been described in an earlier paper (8) . The present data for citric acid and starch are also closely correlated, the coefficients of correlation being -0.95 at 240 C (r = 0.917 for P = 0.01 with 4 degrees of freedom) and -0.98 at 60 C (r = 0.951 for P = 0.001 with 5 degrees of freedom). Unfortunately, such calculations furnish no clue as to the chemical mechanisms which underlie the relationship. However, it is clear that citric acid played a relatively more important role in the present set of samples than is usually noted. This was especially marked in the leaves cultured at 240 C.
The failure of isocitric acid to become involved to any significant extent in these complex reactions is in conformity with most of the previous observations obtained by adequate analytical methods in this laboratory. In work carried out before the aconitase method of Krebs and Eggleston (3) had been applied by Hargreaves, Abrahams and Vickerv (2), it had been necessary to calculate the content of isocitric acid by difference, a procedure that frequently led to a false impression of the reactivity of this substance. In view of this, no comment is justified upon the apparent failure of the so-called undetermined acid fraction to undergo striking change. All that can be said is that the undetermined acids of this set of samples were not as a group notably affected by culture either at normal or at low temperature. Individual components may well, however, have been extensively involved. The development of both qualitative and quantitative information regarding these substances is urgently needed.
One final point may perhaps deserve comment. As experience with the behavior of the chemical components of Bryophyllum leaves is extended, it has become increasingly clear that different sets of samples, although satisfactorily constant in composition within the set, may differ quite widely in composition from each other. The general behavior of the components appears to follow fairly well defined pathways which it is the purpose of these investigations to study. Nevertheless, the details of the reactions, when subjected to somewhat penetrating analysis, are often found to differ from one set of samples to another. This is particularly true of such matters as the molar relationships between the several substances concerned in the main metabolic reactions. Accordingly, all general statements must be qualified, for they are true only within what are unfortunatelv still somewhat broad limits.
SUMMARY
Leaves of Bryophyllum calycinum picked in the afternoon at the time of high starch content have been cultured in water in darkness at 240 C and at 60 C in order to study the early phases of the effect of temperature on the rate and extent of the formation of organic acids and on the utilization of starch. About one-half of the starch present disappeared wvithin 16 hours at 240 C but subsequently, after a small further loss, it increased slightly. Malic acid increased rapidly for 16 hours but then slowly decreased, thus behaving in a manner closely but inversely correlated with that of starch. This is strong evidence that starch contributed to the synthesis of malic acid. Citric acid increased continuously during the 40 hour period of the experiment, although at a rate considerably slower than malic acid.
At 60 C, the rate of disappearance of starch was somewhat less than at 240 C but remained substantially constant throughout so that after 40 hours nearly 75 % of the starch had been used. The rate of formation of malic acid was a little slower than at 240 C but was maintained nearly constant over the entire period of study. Thus, after 40 hours the leaves contained nearly twice as much malic acid as those cultured for the same time at 240 C. The apparent stimulatory effect of low temperature on the accumulation of this stubstance is thus amply confirmed. The rate at which citric acid accumulated was much slower than at 240 C btut *was continuous for 48 hours.
The observed effects are tentatively ascribed to a difference in the influence of temperature on the rates of the reactions which on the one hand lead to the synthesis of malic acid and the utilization of starch and on the other hand to the loss of malic acid. The net rate of these latter reactions appears to be depressed at low temperature so that malic acid accumulates continuously whereas at higher temperatures it reaches a maximum and then diminishes. Similar considerations seem to apply to the behavior of an unfermentable carbohydrate component which is not sedoheptulose. They also appear to be applicable to the behavior of citric acid, but with this substance the effects are only slowly established and would require a prolonged period of culture for their full demonstration at low temperature.
